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Decaying leaves from Arctic regions have previously been reported to produce large numbers of ice
nucleating particles (IN). Their atmospheric relevance is unclear. Our initial observations at a coastal
mountain observatory in northern Norway reveal a tripling in concentrations of IN active at 15 C (IN-
15) in oceanic air after about one day of passage over land (from 1.7 and 4.9 IN-15 m3, to 9.6 and 12.2 IN-
15 m3). Analysis of leaf litter collected near the observatory supports the earlier report of numerous IN
associated with leaf litter on the ground (2 , 102 IN-15 mg
1 litter particles < 5 mm). Together, both
ﬁndings suggest that decaying leaves are a strong emission source of IN to the Arctic boundary layer.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ice nucleating particles (IN) enable the formation of ice in clouds
warmer than 36 C. Concentrations of IN vary by orders of
magnitude in time and space. In the Arctic, IN are rarer than inmost
other places. Reported concentrations of IN active at 15 C (IN-15)
are around 1 m3 winter and 10 m3 in summer (Bigg, 1996; Bigg
and Leck, 2001). The Arctic summer values are two orders of
magnitude smaller than what is typically found over a much wider
geographic range (DeMott et al., 2010). As a consequence, removal
of water from the Arctic atmosphere through ice growth and pre-
cipitation is IN-limited (Prenni et al., 2007). This limitation con-
tributes to the persistence of optically thin low-level clouds that
cause surface warming in summer (Tjernstr€om et al., 2014).
Marine biological material aerosolized by breaking waves and
bubble bursting is commonly considered a source of IN in the Arctic
boundary layer (Schnell and Vali, 1975; Bigg, 1996; Bigg and Leck,Ltd. This is an open access article2001; Wilson et al., 2015). Biological particles emitted from Arctic
land surfaces are rarely considered, although Schnell and Vali
(1973) had found that a large number of IN can be obtained from
well decayed leaves of Arctic origin when they are suspended in
water. The same authors demonstrated in a later experiment, with
an enclosure placed above plant litters, that such IN become
airborne (Schnell and Vali, 1976). Leaf-derived IN are produced by
bacteria and saprophytic fungi, are of subcellular size (<0.2 mm),
and lose their activity when heated above 60 C (Schnell and Vali,
1972, 1973; Vali et al., 1976; Fr€ohlich et al., 2015; Pummer et al.,
2015). Frequent freeze-thaw cycles positively select for microor-
ganisms that produce ice nucleating proteins (Wilson et al., 2012).
Hence, their relative abundance in the Arctic is larger than inmilder
climate zones (Schnell and Vali, 1973). Contributions of marine and
land surface sources to the concentration of IN in air depend on the
duration of previous contact with each kind of surface and on the
extent of aerosolization of IN within the boundary layer. Here we
report on initial observations of atmospheric IN at a coastal site in
northern Norway during days with little and greater land contact of
sampled air masses, in order to evaluate whether air is noticeably
enriched in IN through contact with vegetated land.under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Numbers of ice nucleating particles (IN m3) observed in the atmosphere above
Haldde observatory. Blank values are subtracted and numbers are adjusted to sea-
level pressure. Blank values were on average 12% of gross values. Ice nucleating
particles found in the litter sample are indicated per unit mass of litter particles
<5 mm.
Temperature (C) 7 8 9 10 11 12 13 14 15
Date IN (m3)
02./03.07.15 0.0 0.3 0.6 1.3 1.6 2.6 4.1 7.2 12.2
04.07.15 0.0 0.2 0.2 0.2 0.4 0.8 1.3 2.0 4.9
05.07.15 0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.8 1.7
06.07.15 0.0 0.2 0.2 0.9 1.2 1.8 2.2 5.5 9.6
IN (mg1 particles < 5 mm)
Litter 14 15 17 19 27 48 99 141 186
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Atmospheric IN were collected between 02. and 06. July 2015 at
Haldde observatory (Finnmark county, 695504500 N, 224803000 E,
905 m a.s.l.). The observatory was established by Kristian Birkeland
in 1899 to study polar lights (Birkeland, 1908). From 1918 to 1926
Hilding K€ohler stayed there to study cloud droplet formation
(K€ohler, 1937). It is situated on the top of a natural pyramid of rocks,
150 m above other rocks at a horizontal distance of 500 m. A
portable PM10 sampler (PQ100, BGI, Mesa Labs Inc., Butler, NJ, USA)
was installed with its inlet 2 m above the observatory tower. We
sampled four times for a period of 24 h airborne particles on quartz-
ﬁber ﬁlters (Pallﬂex® Tissuequartz, effective diameter 38 mm, Pall
Corporation, Port Washington, NY, USA). The sampled air volumeFig. 1. Back trajectories starting at Haldde observatory every 4 h during a 24-h period of sam
noaa.gov/HYSPLIT.php; 48-h trajectories; markers every 6 h; starting height 200 m above gr
15 m3) associated with each of the four 24-h samples are shown in the panels.was 24 m3 per ﬁlter at ambient conditions. Filters were analyzed at
our laboratory in Basel following the method described in Conen
et al. (2012).
Further, we collected a litter sample (5  2 g, bulked) from the
surface of a melting snowﬁeld about 300 m below, 2 km East-
northeast of the observatory. Litter had been transported from
the surroundings by wind and accumulated in the more sheltered
locationwhere snowwas still present in July. The litter consisted of
entire leaves and large fragments thereof, mainly from Betula nana
and various grasses. Although they showed signs of decay to
various degrees, their main structure was clearly discernible. We do
not think this litter was any different from litter on snow-free
surfaces. But, it was deﬁnitively easier to collect it there, than
from other surfaces. At the laboratory we air dried it over night
(23 C), then gently moved it by hand over a sieve (63 mm) to
separate small, lose particles. Total nitrogen (N) content was
determined with an elemental analyser (model CN628, LECO Cor-
poration, St. Joseph, MI, USA). Particles <63 mm had a N content of
1.1%, similar to that of larger recognizable leaves in the sample (1.4%
N) and very different from soil particles < 63 mm collected in the
region (0.1% N). We suspended 0.05 g of litter particles <63 mm in
15 ml 0.1% NaCl solution. The suspension was passed through a
5 mm mesh ﬁlter (sterile cellulose acetate syringe ﬁlters, Sterlitech
Corporation, Kent, WA, USA), diluted and analyzed on a droplet
freezing apparatus (Stopelli et al., 2014). Additionally, a sub-sample
was heated for 10 min to 80 C and another subsample passed
through a 0.20 mm ﬁlter (same type and supplier as 5 mm ﬁlter) and
analyzed for IN concentrations. The mass concentration of particles
<5 mm in the suspension was determined gravimetrically.pling aerosol on quartz-ﬁber ﬁlters (HYSPLIT Trajectory Model, NOAA, http://ready.arl.
ound level). Sampling date and number of ice nucleating particles active at 15 C (IN-
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Number concentrations of IN-15 in air above Haldde observatory
ranged from 1.7 to 12.2 m3 (Table 1). The warmest temperature at
which we observed freezing was 8 C. At 10 C we found an
average of 0.6 IN m3, an order of magnitude less than at 15 C.
Bigg (1996) and Bigg and Leck (2001) had observed about 2e3
times larger concentrations of IN-15 during summer at sea level
further north. Differences between ice nucleation measurement
techniques can be large (Hiranuma et al., 2015). But, smaller values
measured at Haldde might also be due to its greater elevation by
900 m and the fact that IN get activated in rising air from which
they are efﬁciently removed by precipitation, which results in
reduced IN concentrations at elevated sites (Conen et al., 2015;
Stopelli et al., 2015).
Sampled airmasses had approached at lowaltitude (<500m a. s.
l.) from the Arctic Ocean. Two-day back trajectories cover ocean
surface between Spitsbergen and northern Norway and include
shorter and longer passages over land before arrival at the obser-
vatory. On two days, air arrived almost directly from the sea, with
land contact limited to a few hours before arrival (Fig. 1b,c). Asso-
ciated concentrations of IN-15 (4.9 and 1.7 m3) were similar to a
recent estimate for surface level IN-15 of marine origin in the fetch
region (1.2e2.4 IN-15 m3; Fig. 4a in Wilson et al., 2015). On the
other two days, back trajectories indicate average land contact
durations of around 30 h (Fig.1a) and 15 h (Fig.1d) prior to arrival at
Haldde. Prolonged land contact on average tripled concentrations
of IN-15 (12.2 and 9.6 m3) compared to the two days with almost
direct approach from the ocean. This observation suggests a sub-
stantial IN source at the land surface. Bigg (1996) had seen a similar
rise in IN-15 concentration (from 4 to above 20 IN-15 m3) during
rapid advection of air from the Kola Peninsula to the central Arctic
Ocean, presuming an industrial source of the additional IN. The
closest major industrial air polluter to Haldde observatory is the
nickel smelter in Nikel, Russia, 290 km to the East-southeast (69.5
N, 30.2 E) and well outside the area covered by the back trajec-
tories shown in Fig. 1. Therefore, IN emitted from land surfaces in
the region are probably not of industrial origin.
Likely the most important source of IN-15 on Arctic land are
microorganisms thriving on decaying leaves. The litter sample we
had collected from the snow ﬁeld below the observatory contained
2 , 102 IN-15 mg1 particles <5 mm. Heating to 80 C deactivated at
least 90% of the IN active at 12 C or warmer, and 70% of IN-15.
Heat resistant IN-15 could have been mineral particles, but also
thermally more stable biological IN, such as rust spores or macro-
molecules released by birch pollen (Pummer et al., 2012, 2015;
Morris et al., 2013). Hence, the fraction of biological IN-15 in our
litter sample must have been between 70 and 100%.
Results of our short visit to Haldde observatory suggest that
decaying leaves are a strong emission source of IN to the Arctic
boundary layer over land. Leaf-derived IN were discovered in the
1970s, but little direct evidence for their atmospheric relevance has
since been produced. Atmospheric research seems to have over-
looked a biological source that could play a growingly important role
in the Arctic environment. Climatic change is more rapid in the
Arctic than elsewhere (Anisimov et al., 2007). Duration of snow
cover in summer decreases and vegetation becomes more produc-
tive (Callaghan et al., 2011). Arctic greening increases the production
of leaf litter, and probably of leaf-derived IN. The shorter duration of
snow cover extends the time when such IN can be aerosolized. A
judgement onwhether a growing source of IN on Arctic land has the
potential to affect regional cloud properties requires more data of
the kind presented here. Further, it will be necessary to characterise
in more detail IN caught on ﬁlter and to see whether numbers of
atmospheric IN increase with the fall of leaves in autumn.Acknowledgements
We very much thank Alta kommune, in particular Tor Helge
Reinsnes Moen, for maintaining Haldde observatory and for having
given us access to it. Our travel was funded by the Swiss National
Science Foundation (SNF) through grant no. 200021_140228. Cal-
culations and plots of back trajectories were provided by the Air
Resources Laboratory at NOAA through the HYSPLIT-WEB (internet
based) resource. We are grateful to three anonymous reviewers for
valuable comments that have greatly improved this short
communication.References
Anisimov, O.A., Vaughan, D.G., Callaghan, T.V., Furgal, C., Marchant, H., co-authors,
2007. In: Parry, M.L., Canziani, O.F., Palutikof, J.P., van der Linden, P.J.,
Hanson, C.E. (Eds.), Polar Regions (Arctic and Antarctic). Climate Change 2007:
Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, pp. 653e685.
Bigg, E.K., 1996. Ice forming nuclei in the high Arctic. Tellus 48B, 223e233.
Bigg, E.K., Leck, C., 2001. Cloud-active particles over the central Arctic Ocean.
J. Geophys. Res. 106, 32155e32166.
Birkeland, K., 1908. The Norwegian Aurora Polaris Expedition 1902-1903. In: On the
Cause of Magnetic Storms and the Origin of Terrestrial Magnetism, vol. 1. H.
Aschehoug & Co., Christiania. https://archive.org/details/
norwegianaurorap01chririch.
Callaghan, T.V., Johansson, M., Brown, A.D., Groisman, P.Y., Labba, N., co-authors,
2011. Multiple effects of changes in Arctic snow cover. Ambio 40, 32e45.
Conen, F., Henne, S., Morris, C.E., Alewell, C., 2012. Atmospheric ice nucleators active
 -12 C can be quantiﬁed on PM10 ﬁlters. Atmos. Meas. Tech. 5, 321e327.
http://dx.doi.org/10.5194/amt-5-321-2012.
Conen, F., Rodriguez, S., Hüglin, C., Henne, S., Herrmann, E., co-authors, 2015. At-
mospheric ice nuclei at the high-altitude observatory Jungfraujoch,
Switzerland. Tellus B 67, 25014.
DeMott, P.J., Prenni, A.J., Liu, X., Kreidenweis, S.M., Petters, M.D., co-authors, 2010.
Predicting global atmospheric ice nuclei distributions and their impacts on
climate. Proc. Natl. Acad. Sci. U. S. A. 107, 11217e11222.
Fr€ohlich-Nowoisky, J., Hill, T.C.J., Pummer, B.G., Yordanova, P., Franc, G.D., P€oschl, U.,
2015. Ice nucleation activity in the widespread soil fungus Mortierella alpina.
Biogeosciences 12, 1057e1071. http://dx.doi.org/10.5194/bg-12-1057-2015.
Hiranuma, N., Augustin-Bauditz, S., Bingemer, H., Budke, C., Curtius, J.,
Danielczok, A., Diehl, K., Dreischmeier, K., Ebert, M., Frank, F., Hoffmann, N.,
Kandler, K., Kiselev, A., Koop, T., Leisner, T., Mohler, O., Nillius, B., Peckhaus, A.,
Rose, D., Weinbruch, S., Wex, H., Boose, Y., DeMott, P.J., Hader, J.D., Hill, T.C.J.,
Kanji, Z.A., Kulkarni, G., Levin, E.J.T., McCluskey, C.S., Murakami, M., Murray, B.J.,
Niedermeier, D., Petters, M.D., O'Sullivan, D., Saito, A., Schill, G.P., Tajiri, T.,
Tolbert, M.A., Welti, A., Whale, T.F., Wright, T.P., Yamashita, K., 2015.
A comprehensive laboratory study on the immersion freezing behavior of illite
NX particles: a comparison of 17 ice nucleation measurement techniques.
Atmos. Chem. Phys. 15, 2489e2518.
K€ohler, H., 1937. Studien über Nebelfrost und Schneebildung und über den Chlor-
gehalt des Nebelfrostes, des Schnees und des Seewassers im Halddegebiet. Bull.
Geol. Inst. Univ. Upsala 26, 279e308.
Morris, C.E., Sands, D.C., Glaux, C., Samsatly, J., Asaad, S., Moukahel, A.R.,
Goncalves, F.I.T., Bigg, K.E., 2013. Urediospores of rust fungi are ice nucleation
active at > -10C and harbor ice nucleation active bacteria. Atmos. Chem. Phys.
13, 4223e4233.
Prenni, A.J., Harrington, J.Y., Tjernstr€om, M., DeMott, P.J., Avramov, A., co-authors,
2007. Can ice-nucleating aerosols affect Arctic seasonal climate? Bull. Amer.
Meteor. Soc. 88, 541e550.
Pummer, B.G., Bauer, H., Bernardi, J., Bleicher, S., Grothe, H., 2012. Suspendable
macromolecules are responsible for ice nucleation activity of birch and conifer
pollen. Atmos. Chem. Phys. 12, 2541e2550.
Pummer, B.G., Budke, C., Augustin-Bauditz, S., Niedermeier, D., Felgitsch, L., co-au-
thors, 2015. Ice nucleation by water soluble macromolecules. Atmos. Chem.
Phys. 15, 4077e4091. http://dx.doi.org/10.5194/acp-15-4077-2015.
Schnell, R.C., Vali, G., 1972. Atmospheric ice nuclei from decomposing vegetation.
Nature 236, 163e165.
Schnell, R.C., Vali, G., 1973. World-wide source of leaf derived freezing nuclei. Na-
ture 246, 212e213.
Schnell, R.C., Vali, G., 1975. Freezing nuclei in marine waters. Tellus 27, 321e323.
Schnell, R.C., Vali, G., 1976. Biogenic ice nuclei: Part I. Terrestrial and marine sources.
J. Atmos. Sci. 33, 1554e1564.
Stopelli, E., Conen, F., Zimmermann, L., Alewell, C., Morris, C.E., 2014. Freezing
nucleation apparatus puts new slant on study of biological ice nucleators in
precipitation. Atmos. Meas. Tech. 7, 129e134. http://dx.doi.org/10.5194/amt-7-
129-2014.
Stopelli, E., Conen, F., Morris, C.E., Herrmann, E., Bukowiecki, N., Alewell, C., 2015. Ice
nucleation active particles are efﬁciently removed by precipitating clouds. Sci.
F. Conen et al. / Atmospheric Environment 129 (2016) 91e9494Rep. 5, 16433. http://dx.doi.org/10.1038/srep16433.
Tjernstrom, M., Leck, C., Birch, C.E., Bottenheim, J.W., Brooks, B.J., Brooks, I.M.,
Backlin, L., Chang, Y.W., de Leeuw, G., Di Liberto, L., de la Rosa, S., Granath, E.,
Graus, M., Hansel, A., Heintzenberg, J., Held, A., Hind, A., Johnston, P., Knulst, J.,
Martin, M., Matrai, P.A., Mauritsen, T., Muller, M., Norris, S.J., Orellana, M.V.,
Orsini, D.A., Paatero, J., Persson, P.O.G., Gao, Q., Rauschenberg, C., Ristovski, Z.,
Sedlar, J., Shupe, M.D., Sierau, B., Sirevaag, A., Sjogren, S., Stetzer, O.,
Swietlicki, E., Szczodrak, M., Vaattovaara, P., Wahlberg, N., Westberg, M.,
Wheeler, C.R., 2014. The arctic summer cloud ocean study (ASCOS): overview
and experimental design. Atmos. Chem. Phys. 14, 2823e2869.
Vali, G., Christensen, M., Fresh, R.W., Galyan, E.L., Maki, L.R., Schnell, R.C., 1976.Biogenic ice nuclei. Part II: bacterial sources. J. Atmos. Sci. 33, 1565e1570.
Wilson, S.L., Grogan, P., Walker, V.K., 2012. Prospecting for ice association: charac-
terization of freezeethaw selected enrichment cultures from latitudinally
distant soils. Can. J. Microbiol. 58, 402e412.
Wilson, T.W., Ladino, L.A., Alpert, P.A., Breckels, M.N., Brooks, I.M., Browse, J.,
Burrows, S.M., Carslaw, K.S., Huffman, J.A., Judd, C., Kilthau, W.P., Mason, R.H.,
McFiggans, G., Miller, L.A., Najera, J.J., Polishchuk, E., Rae, S., Schiller, C.L., Si, M.,
Temprado, J.V., Whale, T.F., Wong, J.P.S., Wurl, O., Yakobi-Hancock, J.D.,
Abbatt, J.P.D., Aller, J.Y., Bertram, A.K., Knopf, D.A., Murray, B.J., 2015. A marine
biogenic source of atmospheric ice-nucleating particles. Nature 525, 234e238.
